A multi-component white cast iron was developed for rolling mill rolls. The morphology and alloy concentration of carbides precipitated during solidification were investigated using X-ray diffraction, SEM, TEM and EDS analysis in the cast iron with typical chemical composition of Fe-2%C-5%Cr-5%V-5%Mo-5%W-5%Co (mass%). When the iron solidifies, petal-like MC carbides with face-centered cubic lattices and platelike M 2 C carbides with hexagonal lattices crystallize. During heat treatment, M 2 C carbide (hexagonal) reacts to g-Fe and transforms to M 6 C (fcc), M 7 C 3 (orthorhombic) and MC (fcc) carbides, but the reaction is not followed by a change of carbide morphology. MC carbides mainly consist of V, and M 7 C 3 carbides are mainly formed by Cr and Fe. M 2 C carbides contain 20-25 atomic% each of Cr, V, Mo, and Fe, and 12 atomic% of W. M 6 C carbides are composed of approximately 33 atomic% of (MoϩW), and 50 atomic% of Fe and (CrϩV) in the balance.
Introduction
Multi-component white cast irons with high carbon content, reasonable amounts of chromium, vanadium, molybdenum, tungsten and some other alloying elements similar to those in high-speed tool steels were developed as material for rolls of steel rolling mills, and have been used increasingly because of their high wear resistance. [1] [2] [3] Multicomponent white cast irons take advantage of both the crystallization and precipitation of extremely hard MC, M 2 C, M 7 C 3 and M 6 C carbides. Authors have been working on the effects of alloying elements on the solidification process, phase diagram, microstructure and heat treatment characteristics. [4] [5] [6] [7] [8] Furthermore, to learn the morphology and composition of carbides crystallized in the cast irons is considered to be very important for the study of their structural control and optimum material design. H. J. Goldschmit proposed the type of carbide formed by individual alloying elements, 9) while several research reports have been made on the alloy concentration in carbide composition in highspeed tool steels. [10] [11] [12] However, there have been few reports on the formation of carbides in high-carbon multi-component white cast irons. 13, 14) Accordingly, detailed investigations on the morphology and alloy concentrations of carbides in as-cast and heat-treated states have been expected. This study investigated the morphology and alloy concentration of crystallized carbides and the effect of heat treatment on them by using specimens of Fe-2%C-5% Cr-5%V-5%Mo-5%W-5%Co (all in mass percent) alloy system that we can describe as an alloy with the basic composition for multi-component white cast irons for rolling mill rolls. While carbides have conventionally been identified by their morphology and alloy concentration and by Xray diffraction, this study mainly employed a transmission electron microscope (TEM) that can analyze the crystal structure by electron diffraction and offers more accurate identification.
Experimental Procedure
The test pieces were made of multi-component white cast iron containing the target contents of 2 % carbon and 5 % each chromium (Cr), vanadium (V), molybdenum (Mo), tungsten (W) and cobalt (Co). The specimen was prepared by subjecting the raw materials such as the mother alloy, electrolytic iron and ferroalloys to atmospheric melting in a high-frequency induction furnace at 1 873 K and pouring the melt into a preheated CO 2 mold at 1 843 K to make specimens 100 mm in diameter and 300 mm in length. Table 1 shows the chemical composition of the specimens. The columnar specimen was bisected and one of the bisected pieces was annealed by holding at 1 153 K for 54 ks and by cooling slowly to room temperature in the furnace, which is the same annealing cycle as that of the actual roll manufacturing process. This annealed specimen was bisect-ed in turn, and one section was austenitized at 1 273 K for 54 ks, hardened by fan air cooling to room temperature, and subjected to double tempering at a repeated 798 K for 54 ks (hereinafter referred to as hardened-tempered treatment).
At the positions 50 mm away from the bottom end and 10 mm from the periphery of each specimen, rectangular specimens 10 mm square and 20 mm long were cut out in radial direction. After observation of microstructure by a scanning electron microscope (SEM), carbides were identified by means of X-ray diffraction and TEM with an accelerating voltage of 200 kV. Alloy concentrations were measured by an energy dispersive X-ray spectrometer (EDS) with an accelerating voltage of 200 kV and beam diameter of 20 nm. For TEM observation, extracted replicas were prepared by cutting the rectangular specimen to 0.5 mm thick sheet, polishing the sheet down to 50 mm in thickness with emery paper, punching the polished sheet to a disk 3 mm in diameter, thinning the disk to the film by alumina polishing, and etching the film by the SPEED method (Selective Potentiostatic Etching by Electrolytic Dissolution method). Figure 1 shows SEM microphotographs of the specimens in as-cast, annealed and hardened-tempered states. In all specimens, nodular or petal-like (hereafter generically described as nodular) MC carbides 5 to 20 mm in diameter crystallized in and at the grain boundaries of pro-eutectic austenite; and rod-like or plate-like (hereafter generically called plate-like) M 2 C carbides 10 to 50 mm in length crystallized at grain boundaries. The outward appearance of the plate-like carbides is analogous in all the specimens. While the plate-like carbides are white and single phase in the ascast state, those in the annealed specimen are rugged at the periphery and they show a mixture of white-and-gray phases under a high magnification, though they seem to be an aggregate of small particles under a low magnification. Figure 2 and Table 2 show the results of carbide identification by X-ray diffraction. The as-cast specimen shows strong peaks of M 2 C and MC and weak peaks of M 7 C 3 . In the annealed specimen, very strong peaks of M 6 C appear, and the M 2 C peaks are also strong but weaker than those in the as-cast specimen. The hardened-tempered specimen shows strong peaks of M 6 C and MC with some weak peaks of M 7 C 3 , and M 2 C peaks disappear. The peak positions of the MC carbide agreed with the JCPDS Card for V 8 C, which is also one of the main carbides in the as-cast specimen-indeed, it almost eliminates M 2 C and, instead, forms M 6 C. Annealing increases the quantity of M 7 C 3 in addition to that existing in a very small amount in the as-cast specimen. Hardened-tempered treatment decreases the amount of M 7 C 3 but M 7 C 3 is still present in small quantities.
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TEM Observation The morphology and crystal structure of individual carbides were identified by TEM. As crystallized and precipitated carbides differ greatly in size, relatively larger carbides that are 2 mm or more in length or diameter are regarded as carbides crystallized from the melt as primary and eutectic. Though the carbides in the hardened-tempered specimen are approximately 1 mm in size, carbide aggregates observed as a part of the plate-like eutectic carbide (hereafter referred to as string-like carbides) were regarded as carbides transformed from eutectic carbide. Figure 3 shows typical examples of TEM bright-field images, diffraction patterns and EDS profiles of crystallized carbides in the as-cast and hardened-tempered specimens. Figure  4 (a) shows a TEM microphotograph of the region of eutectic M 2 C carbide in the annealed specimen. Figure 3 (a) shows the results of investigations on nodular carbide in the as-cast specimen shown in Fig. 1(a) . As can be identified from the morphology of the carbide in Fig.   1(a) , the MC carbide and its crystal structure was a facecentered cubic lattice (fcc). As this type structure of carbide continues to exist even after heat treatment involving hardening and tempering ( Fig. 3(b) ), all MC carbides were found to have absolutely the same morphology and crystal structure.
Next, the white and plate-like carbide in the as-cast specimen ( Fig. 1(a) ) was investigated. Based on the morphology and alloy concentration, carbide with this type of microstructure could be the M 2 C type. The results of TEM analysis also indicate it has M 2 C carbide with a hexagonal lattice as shown in Fig. 3(c) . The same type of carbide was observed in the annealed specimen as shown in Fig. 4(a) , but not in the hardened-tempered specimen.
Figures 3(d), 3(e) and 3(f) show the results of analyzing the string-like structure in the hardened-tempered specimen that is shown in Fig. 1(c) . The string-like structure has a profile similar to that of the plate-like carbide observed in the as-cast specimen, and it can be seen as an aggregate of small carbides under high magnification. The TEM analysis revealed that it consisted of three types of carbides, MC with a face-centered cubic lattice ( Fig. 3(d) ), M 6 C with a face-centered cubic lattice ( Fig. 3(e) ), and M 7 C 3 with an orthorhombic lattice (Fig. 3(f) ).
According to SEM observation of the annealed specimen ( Fig. 1(b) ), bright and dark phases around the plate-like M 2 C carbide similar to that observed in the as-cast specimen ( Fig. 1(a) ) are revealed. They are considered to have formed due to the transformation. The results of investigation for the bright and dark phases are shown in Fig. 4(b) . It is clear that the transformed phases involved mixes of M 6 C carbide with a face-centered cubic lattice, MC carbide with a face-centered cubic lattice and M 7 C 3 carbide with an orthorhombic lattice. Table 3 shows the alloy concentration in the carbides shown in Fig. 3 , as obtained by EDS qualitative analysis, together with the type, morphology and crystal lattice. Figure 5 compares the alloy concentration of carbides in the as-cast, annealed and hardened-tempered specimens. For the sake of simplicity, alloy concentration is expressed in atomic percent (at%).
Alloy Concentration in Carbides
(1) M 2 C and M 6 C Carbides
In coarse and plate-like M 2 C carbides in the as-cast specimen, both the vanadium and molybdenum are approximately 25 at%, chromium and iron are around 20 at% and tungsten is about 12 at%. They remain substantially the same after annealing. M 6 C carbides around the M 2 C carbide in the annealed specimen and in the string-like aggregate in the hardened-tempered specimen contain a markedly large amount of iron, approximately 54 at%, with vanadium and chromium, which are 4 and 8 at% respectively (significantly lower than their respective concentrations in M 2 C carbide in the as-cast specimens). While the concentration of molybdenum is slightly low at 23 at%, that of tungsten remains unchanged at 12 at%.
(2) MC Carbide
In the crystallized MC carbide of all the specimens, vanadium constitutes a major portion at 61 to 68 at%, coex- isting with iron, molybdenum, chromium and tungsten at about 13, 10, 7 and 5 at% respectively. Alloy concentrations of MC carbide in the as-cast and annealed specimens basically differ little, except for some differences in vanadium and iron contents. Though the vanadium and chromium contents are slightly low and tungsten and molybdenum contents are slightly high, the alloy concentration of the MC carbide in the string-like carbide in the hardened-tempered specimens can be regarded as being basically the same as that of the crystallized MC carbide that existed from the beginning.
In M 7 C 3 carbide that is formed only by application of heat treatment, chromium and iron respectively account for 41 to 47 at%, vanadium 8 at%, molybdenum 3 at% and tungsten as little as 1 at% or below.
Discussion
In the multi-component white cast iron with high carbon content, carbides that crystallize during solidification are the nodular MC carbide and plate-like M 2 C carbide. The phase diagram obtained from a recently popular thermodynamic calculation software, Thermo-Calc, shows that MC and M 6 C carbides crystallize as an eutectic. According to the practical phase diagram (Fig. 6) made by authors, 7) however, the multi-component white cast iron with basic chemical composition begins to solidify by crystallization of primary austenite, followed by that of MC carbide as the first eutectic and then that of M 2 C carbide as the secondary or final eutectic. The crystallized MC carbide remains in the annealed and hardened-tempered specimens in the same shape as in the as-cast specimens, but M 2 C carbide does not exist in the hardened-tempered specimens. Instead, M 6 C carbide, in conjunction with M 7 C 3 and MC carbides, is newly formed in the configuration of an aggregate with a profile close to that of the M 2 C carbide. Next, the alloy concentration of the individual carbides will be discussed. Goldschmit 9) reported that molybdenum and tungsten form the M 2 C carbide. This study reveals that the type of M 2 C remains unchanged even when considerable quantities of vanadium, chromium and iron are dissolved in the carbide in addition to molybdenum and tungsten. The compositional features of the M 6 C carbide that is considered to have been transformed from the M 2 C carbide by heat treatment are that iron content is remarkably high (54 at%) and vanadium and chromium contents are relatively low. The total content of iron, chromium and vanadium belonging to the First Long Period is 66 at% and that of molybdenum and tungsten of the Second and Third Long Period was 34 at%. It is known that there are two types of M 6 C carbides, i.e. h 1 (M1 3 M2 3 C) and h 2 (M1 4 M2 2 C). Assuming that molybdenum and tungsten fill in the space equivalent to thirty-two of the ninety-six metallic atoms constituting the crystal (33 at%), formation of the h 2 type double carbide is presumable. Now, transformation of the plate-like M 2 C carbide into the M 6 C, M 7 C 3 and MC carbides will be discussed from the viewpoint of the alloy concentration. The percentages of alloying elements in carbides are schematically shown in Fig.  7 . H. Fredrikson et al. 11, 12) reported that the unstable M 2 C carbide in M2 high speed tool steel was transformed to M 6 C carbide by the carbide reaction of M 2 Cϩg-FeAE M 6 CϩMC. In the multi-component white cast iron in this study, heat treatment or heating to an elevated temperature induced the formation of M 6 C and M 7 C 3 carbides in the boundary between the M 2 C carbide and the matrix, and subsequently they produced an aggregate of the three different types of carbides. To witness the consistency of alloy concentration in carbides before and after heat treatment, an estimation of the chemical composition at the carbide reaction was carried out, and this is summarized in Table 4 . Because of great differences in chromium content between M 2 C carbide and transformed carbides, it is difficult to establish that the carbide reaction of M 2 Cϩg-FeAEM 6 CϩMC certainly takes place. Considering that the following carbide reaction has occurred, however, the total content of alloying elements in the three carbides after the reaction agrees well with that in the M 2 C carbide before the reaction. Hence the following equation for the carbide reaction can be proposed here.
The M 2 C carbide takes in iron from the surrounding matrix (g-Fe) and transforms to the M 6 C carbide, with chromium in the M 2 C carbide forming M 7 C 3 carbide accompanied by g-Fe. One may speculate that vanadium is enriched in the remaining carbide due to the formation of two carbides working to form the MC carbide. Figure 4 (b) shows a TEM photograph of the carbide observed in the hardened-tempered specimens of the multi-component white cast iron with increasing molybdenum content to 8 mass%. An aggregate of the M 6 C, M 7 C 3 and MC carbides formed by transformation, which can be seen in the upper right of the crystallized M 2 C carbide, clearly revealed the appearance of the carbide reaction. This transformation, which is a shift from M 2 C carbide to M 6 C, M 7 C 3 and MC carbides that are more stable in terms of free energy, is considered to be promoted by increasing the temperature high enough to permit the movement of atoms, because it accompanies diffusion of atoms. In the annealed specimens that were heated and held at 1 153 K, this transformation occurred only in a very limited portion. By comparison, transformation was completed in the hardened-tempered specimen that was heated to the higher austenitizing temperature of 1 273 K. As-cast specimens were heated to 1 273 K, held at that temperature for 0.3 to 18 ks in a vacuum less than 1.3ϫ 10 Ϫ3 Pa and quenched to room temperature. On the surface of a specimen given heat-treatment followed by a light polishing, the variation of morphology of the same carbide was investigated by SEM and EPMA. Figure 8 shows SEM microphotographs of the typical specimen heat-treated by 1 273 K for 7.2 ks and the X-ray images of alloying elements in the heat-treated and polished specimens measured by EPMA. Comparing the SEM microphotographs in Figs.  8(a) and 8(b) , the crystallized carbide showed substantially the same shape before and after heat treatment. As can be seen from the X-ray images shown in Fig. 8(c) , heat treatment gives all or part of the periphery of plate-like M 2 C carbide a mottled structure, and it reveals a string-like shape. There are some M 2 C carbides that transform completely to a string-like composition and also some carbides where the central region remains unchanged.
It is presumable from the remarkable distribution of chromium and vanadium shown by mottled patterns that the string-like carbides were aggregates of M 6 C, M 7 C 3 and MC carbides with significant quantities of alloying elements. The M 2 C carbide left in the central region of the plate-like carbide shows uniform distribution of elements, with, qualitatively, very low iron. The carbide in the upper left seems to be MC carbide due to its extremely high vanadium content. This proves that the M 2 C carbide, on being heated to a high temperature, reacts with surrounding g iron and transforms to an aggregate of each carbide in a string-like morphology. As this observation was made with regard to the surface of the specimens, it was apparent that oxidation and/or some other reactions had occurred, and that they may have limited adequate atom diffusion. Since the obtained results did not allow quantitative discussions on the degree of carbide transformation, the inside of the specimen was investigated. Figure 9 shows the process by which the eutectic M 2 C carbides transform as a function of holding time at 1 273 K. As the holding time increases, the portion of white, single phase M 2 C carbide in the plate-like carbide decreases and instead the string-like aggregate of carbides increases its area from the periphery and occupies the whole area in the end. Firstly the ratio of transformation area (X area ) is calculated from the area of the string-like aggregate structure in the plate-like carbide revealed by the SEM microphotograph. Then, the ratio of transformation (X) is obtained by correcting it with an increasing coefficient for the carbide reaction.
The relationship between the ratio of transformation and the holding time is shown in Fig. 10 . It can be said that the transformation proceeds with an increase in the holding time, and in the basic multi-component white cast iron, it is almost completed on holding for 52 ks.
These experimental data were applied to a general form of kinetic equation for the phase growth controlled by dif- 
fusion, Xϭ1Ϫexp(Ϫ(t/t) m
). As a result, a variable (m) of 1/2 and a relaxation time (t) of 4 700 s are obtained from the ratio of area (X area ). Considering the increasing rate (1.4) during the carbide reaction, the relaxation time was corrected to 7 900 s, and therefore the transformation ratio was expressed by the following equation with a strong correlation:
The variable m has a different value depending on the transformation mechanism and the shape of the carbide phase. This case of mϭ1/2 is considered to be one-directional diffusion, and it coincides with the process whereby the carbide reaction proceeds from the surface or periphery of plate-like M 2 C carbide.
In the crystallized MC carbide, vanadium of 60 at% or more is contained, and the content of other alloying elements decreases in the order of iron, molybdenum, chromium, and tungsten. The proposal of Goldschmit 9) that only vanadium, among other alloying elements contained, causes the formation of MC carbide, facilitates the understanding of this finding, and some other reports published in the past 4, 13) also support it. The M 7 C 3 carbide, which appears as the product of reaction between the M 2 C carbide and g-Fe, though not crystallizing during solidification, consists primarily of chromium and iron in total, for 85 to 95 at%. The rest is composed of small quantities of vanadium, molybdenum and tungsten. Even if alloy concentration in the carbide varies somewhat during its formation, the crystal structure of M 7 C 3 remains orthorhombic throughout.
Although the multi-component white cast iron studied contains approximately 5 at% cobalt, almost all of it is considered to be distributed in the matrix. Though detailed discussion has not been undertaken in this paper, it was revealed that the MC, M 2 C and M 7 C 3 carbides, the M 6 C and M 7 C 3 carbides, and the MC, M 6 C and M 7 C 3 carbides precipitated as secondary carbides in the as-cast, annealed and hardened-tempered specimens, respectively. Therefore, the types of carbides identified by TEM observation and X-ray diffraction fully agreed in all of the as-cast, annealed and hardened-tempered specimens.
Conclusions
A study on the morphology and alloy concentration of crystallized carbides in multi-component white cast iron containing Fe-2%C-5%Cr-5%V-5%Mo-5%W-5%Co (all in mass%) in the as-cast and heat-treated states provided the following findings:
(1) The nodular MC carbide with a face-centered cubic lattice structure and plate-like M 2 C carbide with a hexagonal lattice structure crystallize during solidification.
(2) The crystallized MC carbide remains unchanged even if heat treatment is applied afterward. By comparison, the crystallized M 2 C carbide reacts with g-Fe in the matrix on application of heat treatment and changes to M 6 C carbide with a face-centered cubic lattice structure, M 7 C 3 carbide with an orthorhombic lattice structure and MC carbide with a face-centered cubic lattice structure, while it substantially maintains the crystallized shape. This change proceeds as the heating time increases and is accelerated by heating to a high enough temperature to facilitate the movement of atoms. (3) The crystallized MC carbide consists primarily of approximately 60 at% vanadium, with the remainder consisting of iron, molybdenum, chromium and tungsten, in that order. The crystallized M 2 C carbide contains 20 to 25 at% each of vanadium, molybdenum, chromium and iron and approximately 12 at% tungsten. The M 6 C carbide transformed from the M 2 C carbide contains approximately 33 at% molybdenum and tungsten, in total, and approximately 50 at% iron, with the remaining 11 at% comprising chromium and vanadium. The M 6 C carbide is considered to be a double-carbide of the h 2 type. While chromium and iron, in total, account for nearly 90 at% of the M 7 C 3 carbide formed by transformation, the MC carbide, which is also a product of transformation, consists primarily of vanadium as the crystallized carbide does.
The authors are grateful to Mr. Hajime Komatsu of Nippon Steel Technoresearch Corporation for his cooperation in the analysis using electron microscopes.
